Copper-alumina nanocomposites of 0.5, 1, 3, 5, 7 vol.% alumina (average size < 50 nm) reinforced in copper matrix were fabricated using spark plasma sintering (SPS) technique. Another set of microcomposites containing 1, 5, 20 vol.% of alumina (average size ∼10 μm) had been fabricated to compare the physical as well as mechanical attributes of composites with variation of reinforcement particle size. These micro-and nano-composites have been characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), transmission electron microscopy (TEM) followed by microhardness, nanoindentation hardness, and wear measurements. It has been found that hardness values are higher for nanocomposites as compared to microcomposites. It is also found that wear resistance increases with increasing alumina content. The microcomposites show better wear resistance than nanocomposites for the same composition. The interaction of copper and alumina results in the formation of CuAlO 2 which manifests differential interfacial phenomenon. We have obtained 95.82% densification and 93.17 HV hardness for spark plasma sintered Cu-20 vol.% Al 2 O 3 microcomposite. The wear rate is appreciably low, that is, 0.86 × 10 -4 mm 3 N -1 m -1 for 20 vol.% alumina reinforced copper microcomposite.
Introduction
Metal matrix composites (MMCs) are excellent candidates for structural components in the aerospace and automotive industries due to their high specific modulus, strength, and thermal stability [1] . Nanocomposites are gaining tremendous popularity in the material industry for replacing the monoliths. On the other hand, microcomposites have already been put into practice long back. The microstructural and mechanical attributes of nanocomposites and microcomposites is a burning area of research.
Copper-alumina composites have a wide range of practical applications in electrical, automobile, and aerospace industries [2] . Alumina is used as a reinforcement in copper matrix because it is chemically stable, inert, and nonreactive at high temperatures. Degree of dispersion of reinforcement particles in the matrix is vital for the mechanical performance of a particulate reinforced composite. The interaction at the matrix-reinforcement interface requires comprehensive understanding to predict the long-term durability of composites.
Powder metallurgy is the most viable composite fabrication method as it is energy efficient. Conventional sintering renders a lot of problems such as grain coarsening-induced porosity and poor density. Spark plasma sintering (SPS) uses high amperage, low voltage, pulse DC current, and uniaxial pressure to consolidate powders [3] . The existing theory for SPS proposes that the current pathway is unlike for conducting and nonconducting powders. A combination of current flow through the sample and radiative heat loss on the die wall gives rise to a radial temperature distribution in conductive samples [4] . The fabrication of nanocomposites via SPS renders the grain boundaries clean, to avoid oxide interfacial layer leading to better physical integrity between matrix and reinforcement. The reduced time of fabrication controls the grain growth of matrix particles as well as aids in better pinning effect and retention of nanostructure. SPS has the advantage of combining the effects of axial mechanical loading, temperature, and electric current. The current plays two roles in SPS, that is, current is the source of heating by Joule effect and it also has the positive effect of enhanced diffusion rate during phase growth and intermetallic diffusion [5] . The advent of nanostructured material production techniques have led to an unprecedented growth in the area of metal matrix composites with extraordinary superior strengths. The strengthening mechanisms of metal matrix composites include the grain size effect and the geometrically necessary dislocations [6] .
Copper poses a threat in terms of mechanical pursuit, such as abrasion, sudden failure due to contact resistance (i.e., because of poor high temperature strength and wear performance) [7] . The electrical applications of copper demand high wear resistance to avoid abrasion failure in sliding contacts. Hence, the improvement in wear resistance is required for better performance of the material. Wear studies on Cu-Al 2 O 3 composites have been carried out by many research groups, but the comparison of wear resistance and different wear mechanism operating in micro-as well as nano-composites fabricated by has not been studied properly till today. W-Cu composite was studied by Jahangiri et al. [8] and they explained different wear mechanisms operative at different loads. Effect of reinforcement on the wear behavior of Al-Cu-Mg composite was investigated by Hassan et al. [9] . Fathy et al. [10] have reported the wear rate of Cu-nanometric Al 2 O 3 at different sliding speeds and loads. Falcon-France et al. [11] showed the application of Mg-TiC in brake system by wear measurements, having high concentration of reinforcement particles. Akhtar et al. [12] explained the wear mechanisms of Cu-TiC composite.
The present investigation focuses on the fabrication of copper-alumina microcomposites and nanocomposites by SPS technique. The subsequent microstructural studies and mechanical properties assessment enable us in sketching a blueprint of microcomposites and nanocomposites reflecting each ones dominance on another on every aspect. The characterization of micro-and nanocomposites using X-ray diffraction, scanning electron microscopy (SEM), and transmission electron microscopy (TEM) followed by microhardness, nanohardness, and wear measurements have been studied systematically.
Experimental Details
Copper (Loba Chemie, purity > 99.7%, average size 11.09 μm) and alumina [Sigma Aldrich, average size 10 μm (micro) and < 50 nm (nano) both having purity > 99.7%] powders were blended separately in agate mortar. The compositions used for fabricating nanocomposites were 0.5, 1, 3, 5, and 7 vol.% of alumina nanoparticles in copper matrix. Another set of specimens having compositions of 1, 5, 20 vol.% micron-sized alumina were used to synthesize microcomposites. The micro-and nano-composites were fabricated via SPS (DR SINTER LAB SPS Syntex INC, model: SPS-515S, Kanagawa, Japan) method at a temperature of 700°C maintaining a soaking time of 5 min at a ram pressure of 50 MPa. The heating rate for the whole process was maintained at 80°C min -1 . The specimens were characterized by using XRD (PANalytical model: DY-1656) with CuKα radiation, SEM (JEOL JSM 6480 LV, Japan), and TEM (TECNAI G2 20S-TWIN) equipped with an energy dispersive X-ray analyzer. The sample preparation for conducting TEM study was done by punching 3 mm discs from the sample whose thickness had been reduced to 100 μm. The discs were then dimpled to around below 10 μm and then ion milled for 1 h for perforation. The density of the composites was measured using Archimedes method. The elastic modulus of nanocomposites was determined using nanoindentation (Fisher-Cripps UMIS) technique applying a load of 20 mN for a dwell time of 10 s. The readings were recorded here at 10 equivalent locations for each specimen and the closest values were considered. The microhardness values of the microcomposites were determined by Vickers hardness tester (Leco LV 700) applying a load of 0.3 kgf and a dwell time of 5 s. The readings were recorded here at four equivalent locations for each specimen. Sliding wear tests were performed using a ball on plate type wear machine (DUCOM TR-208-M1) using hardened steel ball (SAE 52100) indenter of 2 mm diameter, with an applied load of 2 kgf and time period of 15 min at a speed of 30 rpm. The hardened steel ball slides unidirectionally on fixed samples. The tests were carried out in laboratory atmosphere at a relative humidity of around 50% to 60% and temperature of about 25°C. The wear depth vs. time data was obtained from the inbuilt WINCOM software in the wear machine. The worn surfaces were characterized by SEM.
Results and discussion

X-ray diffraction
To study phase evolution during composite fabrication by SPS process, XRD was conducted. The XRD patterns ( Figure 1A , B) confirm the presence of Cu, Al 2 O 3 , and CuAlO 2 phases for both micro-and nano-composites. The copper, alumina, and CuAlO 2 peaks have also been indexed in the XRD patterns. The formation of CuAlO 2 in of nanoparticles is better compared to microparticles in the copper matrix [17] . There are several pores visible on the grain boundary of the copper grains in the microcomposites which indicate the poor intermixing of matrix and reinforcement powder particles in the microcomposites compared to the nanocomposites. The intermixing of alumina nanoparticles and the copper matrix particles is quite intimate and the alumina particles have penetrated into the voids of copper-copper particle contact unlike the micron-sized alumina particles. The difference in the intermixing and embedment of the micron-sized particle and the nano-sized particle is visible in the SEM micrographs. The copper and alumina interaction has also aided in the formation of a new phase, that is, CuAlO 2 which has been identified from XRD and TEM analysis. Diminished grain growth of copper can be observed ( Figure 2A ) in the areas where the distribution is proficient due to the pinning effect of the nano-sized alumina particles [18] .
Transmission electron microscopy
To have more insight on microstructure of the fabricated composites, TEM was conducted. Sintered compacts exhibit annealing twins and subgrain boundaries for both Cu-Al 2 O 3 system has been reported by many groups such as Trumble et al. [13] , Seager et al. [14] , Kim et al. [15] , and Fathy et al. [16] . The thermodynamics of the interaction between copper and alumina point toward the fact that the formation of CuAlO 2 is feasible in the present processing conditions [9] .
The formation of CuAlO 2 as a function of temperature at the Cu(ss)/Al 2 O 3 interface can be represented as [13] =°−°C
The formation of CuAlO 2 starts at the isothermal sintering time, that is, after the formation of Cu 2 O the same reacts with alumina to form the aluminate. Figure 2A , B show the SEM micrographs of nanocomposites and microcomposites, respectively. The distribution micro-and nano-composites ( Figure 3A , B). Twinning might have occurred during the high-temperature sintering stage. Conditions for twin formation are achieved when large number of obstacles is formed in the crystal, blocking the dislocation movement. Dislocations accumulate on obstacles causing increase of internal strain in local areas, which together with external strain induce twin formation. Twins observed in TEM micrographs indicate lower mobility of dislocations, in other words, the stabilization of dislocation structure, which is a primary condition for the improvement of mechanical properties of dispersion strengthened materials. Increase of dislocation density is caused by the difference between the thermal expansion coefficient of the particles and matrix. In agreement with this, suggests the predominant effect of dislocation density in the strengthening of the composite caused by thermal expansion mismatch during processing [19, 20] . stresses. They can be released by plastic deformation of the matrix. The thermal stresses during the production process could generate dislocations in the matrix and inside the particles that is clearly visible in the alumina particles [21] .
Scanning electron microscopy
The TEM micrographs represent nanotwinning in case of 5 vol.% reinforced nanocomposite. A milky white appearance of the new phase formed is quite prominent in Figure 3B . The interaction of alumina nanoparticles is far more proficient than the alumina microparticles which can be realized from the amount of CuAlO 2 formed in the TEM micrographs. The difference in contrast in the TEM micrographs suggests the presence of Cu (gray), Al 2 O 3 (black), and CuAlO 2 (white region). Formation of CuAlO 2 can also be anticipated due to its presence in the proximity with the alumina particles. The formation of intermediate phase is highly concentrated around the alumina particles. The XRD study also supports the presence of CuAlO 2 .
Density and hardness study
The density and hardness values for both micro-and nano-composites are tabulated in Table 1 . The density values for 1 and 5 vol.% alumina-reinforced microcomposites are 95.25 and 95.39 of theoretical density, whereas for same nanocomposites density values are 93.22 and 92.17. It is observed from the table that density value is lower in case of nanocomposites than microcomposites for the same composition. The reason could be attributed to the higher surface energy of alumina nanoparticles which lead to agglomeration and higher copper-copper contacts hindering densification. Higher number of agglomerates of hard alumina particles shields the copper deformability which does not take place in microcomposites [22] . in both the cases. It is also observed that microhardness of nanocomposite is higher than microcomposite for the same composition. As alumina is very hard and brittle, addition of alumina nanoparticles in nanocomposite hinders the movement of dislocations to larger extent than micron-sized alumina particles, and it eventually increases very high hardness value. Figure 4A shows the variation of microhardness and nanoindentation hardness values with alumina content. The nanohardness values of the nanocomposites are higher than that the corresponding microhardness values of microcomposites ( Figure 4A ). This can be attributed to the indentation size effect [23] . The elastic modulus values obtained from nanoindentation measurements have been reported against the volume percentage of alumina which is shown in Figure 4B . All the elastic modulus values of the nanocomposites revolve around the theoretical values obtained from rule of mixture. The elastic modulus value of 1% reinforced Cu-Al 2 O 3 nanocomposite is higher than the corresponding theoretical value calculated using rule of mixtures shown in Figure 4B . 
Wear study 3.5.1 Wear depth
The wear depth vs. time plot for nanocomposites and microcomposites has been illustrated in Figure 5A , B.
The wear resistance of microcomposites is higher than nanocomposites for the same compositions [25] . The reason could be ascribed to the fact that the wear indenter in case of microcomposites has a higher retention of contact with the microparticle in microcomposites in compare to the nanoparticles in nanocomposites. The microparticles render higher time of contact with the wear indenter than the nanoparticles. The reason could be the higher area of contact with the wear indenter in case of microparticles, which is less likely for the nanoparticles reinforced composites. Moreover, the microparticles also prevent origination of subsurface cracks. It has also been found that wear resistance increases as the alumina content increases in both the cases due to hard and brittle nature of alumina reinforcement. Alumina particles support contact stresses and prevent plastic deformation. The wear resistance of the specimens is in accordance with the hardness trends. In some cases negative slopes can be seen from wear depth vs. time plot. This may be due to the welding of the soft copper phase with the steel ball (indenter) which results in decrease in wear depth [26] .
Wear track
The wear tracks of Cu-Al 2 O 3 nano-and microcomposites have been illustrated in Figure 6A -D. The wear track of Cu-1 vol.% Al 2 O 3 nanocomposite is wider as compared to Cu-5 vol.% Al 2 O 3 nanocomposite. The wear track of nanocomposite with low content of alumina has been observed to get more eroded in comparison to higher content of alumina. The wear track of microcomposites is narrower than that of nanocomposites. The reason could be attributing to the fact that the alumina microparticles being larger in size, do not allow the wear indenter to erode the surface continuously. The alumina nanoparticles are hard but the surface exposed to the wear indenter is quite small to prevent erosion.
Wear rate and volume
The wear rate and volume have been plotted against volume content of alumina in Figure 7A , B. The wear rate and volume have been calculated using the following equations [27] .
= × × × The wear rate and volume of micro-and nanocomposites follow the same trend. The wear rate decrease as the amount of alumina increases in the composites. The steel ball indenter-copper matrix contact causes erosion from the surface which gets minimized as the alumina content increases. Hence the metal-ceramic contact results in higher wear resistance and lower rate and volume.
Wear mechanism
To have an idea about wear mechanism, worn surface was studied under SEM. Figure 8A , B reveal that the formation of wear debris is higher in nanocomposites than in microcomposites of same composition. The SEM micrographs of worn surfaces of microcomposites show formation of grooves ( Figure 9A ) by shearing action of friction. Figure 9B shows pores on the worn surface after particle pull-out which results in minimized effective contact area between sample and indenter increasing stress. The wear mechanisms at low loads mostly are grooving and microploughing [28] . The wear mechanisms operating in nanocomposites show delamination and microploughing ( Figure 9C, D) . Large flakes of delaminated material can be observed in Figure 9C . The wear debris in process of microploughing can be seen in Figure 9D which is in the form of spherical nanoparticle-agglomerates. Plastic deformation leads to plastic instability resulting in crack formulation [29] . Microcracks can be observed in Figure 9E . Figure 9F shows SEM micrograph of worn surface and corresponding energy-dispersive X-ray spectroscopy (EDS) spectra. The EDS spectrum shows the presence of Fe on the worn surfaces of microcomposite which attributes wear of steel ball by hard and brittle alumina particles. The formation of tribolayer has also been observed with microcomposites as well as low concentration of alumina in nanocomposites [30] . The adhesive wear action could be seen by the presence of wear debris sliding from one site to another on the composite. The abrasive wear mechanism was evident by the presence of iron particles in the wear debris of the composites. The wear rate of copper-7.5% alumina reinforced investigated by Fathy et al. [10] has been reported as higher than 2 × 10 -4 g m -1 , whereas in our experiments we have obtained 1 × 10 -4 mm 3 Nm -1 for copper-7% alumina. 
Wear debris
The wear debris of microcomposites shows flakes, whereas the wear debris of nanocomposites is spherical in shape ( Figure 10A-D) . The nature of wear debris is different in micro-and nano-composites due to the higher deformability of microcomposites because of presence of less hard alumina microparticles in comparison to nanoparticles. The wear debris formation may be attributed to the fact that copper being soft in nature gets eroded by the steel ball indenter, thereby exposing the alumina particles to the surface. The wear debris of microcomposites was analyzed for element detection by the help of EDS. The EDS analysis showed that the wear debris of microcomposite contains higher content of iron than that of nanocomposites ( Figure 10B, D) . This observation points toward the fact that the abrasion of wear indenter with microcomposites is higher than nanocomposites. The abrasive wear actions of the composites lead to the abrasion of the steel ball wear indenter. Department of Metallurgical and Materials Engineering, National Institute of Technology (NIT), Rourkela for wear testing.
Conclusions
